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Abstract 
During “Mineral CO2 sequestration” the CO2 is chemically stored in solid carbonates by the carbonations of minerals. The 
sequestration of CO2 is permanent and safe. Mineral carbonation is an exothermic reaction and occurs naturally in the subsurface 
as a result of fluid–rock interactions within serpentinite. In situ carbonation aims to promote these reactions by injecting CO2 into 
porous, subsurface geological formations. In the northern sector of the Pollino Massif (southern Italy) extensively occur 
serpentinites; they are the subject of a project devoted to their possible use for in situ geological sequestration of CO2. 
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1. Introduction 
Anthropogenic gas emissions are projected to change future climates with potentially nontrivial impacts [1] and 
the impacts of the increased CO2 concentration are, among others, the greenhouse effect, the acidification of the 
surface of the ocean and the fertilization of ecosystems [2]. Increasing levels of atmospheric carbon dioxide (CO2) 
motivate the study of carbon capture and storage (CCS) as an important component of a multinational strategy to 
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mitigate the risks of future climate change. Proposed reservoirs for CO2 storage include terrestrial biomass, deep 
oceans, saline aquifers, and minerals. These reservoirs differ considerably in the rates at which the stored CO2 may 
leak back to the atmosphere. 
The characteristic storage times increase from the terrestrial pools (decades to centuries); to the deep oceans 
(centuries); to geological reservoirs (millennia); to thermodynamically stable minerals (exceeding millennia) [3,4]. 
Carbon dioxide mineral sequestration through carbonation of natural silicate minerals is a potential alternative in 
CO2 geological storage. Carbonation consists of an induced exothermic alteration of metal-rich not carbonate 
minerals (i.e., Mg2SiO4 olivine, Mg3Si2O5(OH)4 serpentine, CaSiO3 wollastonite) to geologically and 
thermodynamically stable mineral carbonates (i.e., MgCO3 magnesite, MgCa(CO3)2 dolomite, CaCO3 calcite, 
FeCO3 siderite, NaAl(CO3)(OH)2 dawsonite). This technology attempts to mimic natural low-temperature alteration 
(carbonation) of widespread silicate rocks (i.e., peridotite, serpentinite, basalt) that trap safely CO2 over geological 
times [5,6,4]. Among the various mineral species that may undergo carbonation reaction, Mg-bearing minerals (as 
well as Ca-carbonates) are of great interest as they are very common at Earth surface and thus represent an 
important reservoir for CO2. In addition, magnesite (MgCO3) has a long-term stability, contrarily to alkali 
carbonates, which are readily soluble in water [7]. Mineral carbonation processes are commonly represented by the 
reaction of olivine or serpentine with carbon dioxide to form magnesite + quartz ± water: 
Mg3Si2O5(OH)4 + 3CO2             3MgCO3 + 2SiO2 + 2H2O [8]. 
The rate of CO2 sequestration in a natural realm is controlled primarily by reactive surface area, temperature, pH, 
and the partial pressure of CO2. Geothermal heating accelerates serpentine dissolution and may allow for the 
precipitation of magnesite. The advantage of in situ carbonation is that there is neither need to mine, grind, and 
activate serpentinite, nor transport reactants or products, because CO2 is injected on site. In this scenario, southern 
Apennines ophiolites represent a natural analogue for in situ mineralogical sequestration of CO2. 
2. Geological setting 
The study has been carried out in the Pollino area (southern Apennines, Italy) (fig. 1a) that is a part of the peri-
Mediterranean chain, related to the Eurasia-Africa convergence [9]. The chain is mainly composed of Mesozoic-
Tertiary sedimentary rocks derived from the former Adriatic passive margin, overlain by Pliocene-Pleistocene 
terrigenous deposits [10]. The Liguride Complex [11] also defined as Liguride Units [12] is located in the highest 
position in the tectonic edifice of the southern Apennines. In the investigate area (fig.1a, b) this complex is covered 
by thrust top basin deposits consisting of siliciclastic, calciclastic and Pleistocenic sediments. It is remnant of an 
accretionary wedge developed during Cretaceous-Oligocene subduction, that collided with Adria plate during the 
lower Miocene [13]. The Liguride Complex is made up of different tectonic units where fragments of Jurassic 
oceanic crust are well preserved [13,14] and associated with slices of continental crust rocks [15,13,16] (fig. 1b). 
The geometric relationships between different units are very complicated due to their polyphase deformation 
history. Several authors [12,17,18,19] formulated different structural interpretations. [12] considered part of the 
metapelites, including slices of both continental crust and ophiolitic rocks, as a mélange zone (Episcopia-San 
Severino mélange) that separates the low-grade metamorphic rocks of the Frido Unit from the lower, non-
metamorphic North Calabrian Unit. An alternative interpretation indicates the Liguride Complex as a stack of thrust 
sheets characterized by different lithology and metamorphic overprint [16,20,21]. The Frido Unit makes up the 
uppermost thrust sheet, and it is tectonically overlies by North Calabrian Units, which in turn is split in a number of 
thrust sheets [22]. 
Frido Unit consists of a sedimentary sequence with blocks of oceanic and continental types of rocks [23] (fig. 1b, 
c). The ophiolite bodies are mainly represented by slice of serpentinized peridotites containing dismembered 
metadoleritic dikes and metabasalts [15,24]. The sedimentary cover consist either of phyllites, meta-arenites, 
quarzites and isolated bodies of meta-limestones, or of a calcschists [21] Km-scale slabs of continental crust also 
occur (fig. 1b), they are mainly composed of garnet gneiss, leucocratic biotite gneiss garnet-biotite gneisses [25] 
with lenticular bodies of amphibolites, both crosscutted by metadoleritic dikes [15]. Several studies agree to indicate 
that the Frido Unit has been overprinted by a polyphase metamorphism in the deeper parts of the accretionary wedge 
[23,13,16]. Mafic rocks are characterized by HP/LT metamorphism [26,15,27,13], with starting conditions of P=8-
10 Kbar and T=400-500°C, followed by a greenschist phase with P=4 kbar and T=300-350°C, according to [16]. 
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Fig. 1. synthetic geological map of the Liguride Complex in the Pollino Ridge and location of the study area. 
 
3. Sampling and analytical methods 
Serpentinite rocks from the Frido Unit were collected near San Severino Lucano and Episcopia settlements 
(Basilicata region, southern Italy) (fig. 1b). In particular, the Frido Unit serpentinites were collected at Timpa 
Castello Quarry and Pietrapica Quarry, located at the Calabria-Lucanian boundary (fig. 1a). Based on field 
observations, the Frido Unit serpentinites were divided into cataclastic and massive types (fig. 2a, b). The first one 
(cataclastic) is characterized by fracturing and subsequent rigid-body rotation of mineral grains or aggregates; the 
second one (massive) consist of lower fractured serpentinites embedded in the cataclastic ones. 
All samples were cleaned for chemical analyses, weathered coats and veined surfaces were cut off the rocks. 
Preliminary petrographic characterization of all the samples was carried out by optical microscopy on thin section of 
rock samples oriented following their foliations and lineations. X-ray powder diffraction (XRPD) analyses were 
performed on all samples using Philips X’Pert 3040PW with CuKα radiation, 40 kV and 40 mA, 4 s per step, and 
step scan of 0.01 °2θ, at the Department of Sciences, University of Basilicata. The mineralogical analysis was 
realised by identifying the diffraction peaks using the program X’Pert HighScorePlus on six randomly oriented, 
powder samples. The chemical characterization was performed using a X-ray spectrometer (XRF BRUKER S8-
TIGER) at the Department of Earth Sciences, University of Calabria (Arcavacata di Rende, Cosenza, Italy).  
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Fig. 2. massive (a) and cataclastic (b) serpentinites outcropping at Pietrapica and San Severino Lucano samping sites. 
 
4. Results and discussion 
Despite the low number of analysed samples, results of petrographical, mineralogical and chemical analyses 




Serpentinites of Frido Unit are characterized by two main different textures: pseudomorphic and vein textures 
[29,30]. Pseudomorphic texture (fig. 3a) is represented by mesh texture [31,32,33] defined by serpentine + 
magnetite that statically replace the olivine crystals, and by yellow-brown bastite replacing orthopyroxene. Vein 
texture is represented by various submillimetric veins which cut each other and crosscut the pseudomorphic texture 
[29,30]. 
The serpentinites consist of olivine, pyroxene (orthopyroxene – clinopyroxene) and spinel, which represent the 
primary minerals. Secondary minerals are serpentine, chlorite, magnetite, prehnite, and amphibole; accessory 
minerals are epidote and Fe-hydroxides. Fresh olivine is locally still recognizable at the core of serpentine + 
magnetite pseudomorphs in the mesh textures (fig. 3b). Orthopyroxene was observed as fresh porphyroclasts as well 
as bastite pseudomorphs that however preserve the orthopyroxene prismatic habit (fig. 3c); fresh orthopyroxene also 
occurs as exsolution lamellae within clinopyroxene porphyroclasts. Clinopyroxene porphyroclasts are subeuhedral 
and are often rimmed by amphibole interpreted as being of the tremolite-actinolite series on the basis of optical 
characters (fig. 3d). Spinel forms red-brown coloured xenomorphic, hollyleaf-shaped porphyroclasts [30]. This habit 
has been defined as typical of porphyroclastic mantle peridotites [34]. Spinel porphyroclasts are always rimmed by 
fine-grained chlorite (fig. 3e). In some samples spinel is replaced by pseudomorphic magnetite occurring in fine-
grained crystal aggregates. The serpentinites are cut by various types of veins filled with serpentine (fig. 3f), 
chlorite, prehnite (fig. 3g), amphibole (fig. 3h), and a brown-coloured mineral undetectable under the optic 
microscope. 
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Fig. 3. (a) pseudomorphic textures, 1N, 2X; (b) mesh texture with olivine crystals, NX, 4X; (c) bastite replacing orthopyroxene, NX, 2X; (d) 
clinopyroxene armured by tremolite rim (acicular amphibole), 1N, 10X; (e) spinel holly-leaf-shaped porphyroclasts; NX, 4X; (f) vein with 
serpentine fibers, 1N, 10X; (g) veins with serpentine and prehnite, NX, 40X; (h) veins with amphibole, NX, 10X. Symbols are as recommended 
by [28]: Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Am = amphibole; Spl = spinel, Chl = chlorite, Srp = serpentine. 
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4.2. Mineralogy and chemistry 
Results of X-ray diffraction analyis show that serpentinites consists of lizardite, antigorite, clinochrysotile, 
chromian chlorite, magnetite, tremolite, actinolite, pyroxene and calcite. The most abundant minerals are 
polymorphs of serpentine (lizardite, d = 7.27 Å; clinochrysotile, d = 7.32 Å; antigorite, d = 7.23 Å). In a few 
samples amphiboles (actinolite, d = 8.31 Å; tremolite, d = 2.94  Å) were also detected (fig. 4b). Only in one sample 
uvarovite occurs (fig. 4a). According to [35], it is probably the result of a Ca-metasomatic process, in which the Ca 
addition destabilizes the iron hosted in iron-bearing minerals of serpentinites (such as magnetite) favoring the 
uvarovite formation. In addition, our data suggest that uvarovite formation could have took place by breakdown of 
ortho- and clinopyroxene. 
The chemical composition of serpentinites is shown in Tables 1. The chemical data were normalized to the 
Primitive Upper Mantle (PUM, [36]) (fig. 5). Results show that all samples are enriched in Nb, Zr, Fe, Cr. Y and V 
enrichments are detected only in two samples. Depletion of Ti, Ca and Al are in all samples, suggesting these 
elements are mobile during serpentinization. MnO, Co, Ni and MgO show contents comparable to those of reference 
standard. The compositional differences between studied rocks and PUM partly reflect changes induced to the rocks 
by serpentinization process. 
As displayed in the figure 6, elements showing the higher content dispersion are CaO and Al2O3 for the major 
elements and V, Ba, Y, Sr, S and Cu for the trace ones. 
 
 
Fig. 4. XRPD patterns of  a massive (a) and cataclastic (b) sample. Legend: Lz-Lizardite; Ctl-Chrysotile; Atg-Antigorite; Chl-Chlorite; Act-
Actinolite;; Aug-Augite; Uvt-Uvarovite. 
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Fig. 6. box and whisker plot of major element (a) and trace elements (b). 
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Table 1. Major and trace element contents. 
Sample S1 S2 S4 S5 S6 S6 S8 
SiO2 39.13 40.93 41.62 42.90 42.58 42.58 42.32 
TiO2 0.24 0.07 0.08 0.07 0.03 0.03 0.13 
Al2O3 4.16 1.70 1.38 1.56 1.09 1.09 1.97 
Fe2O3 11.21 11.70 13.56 12.53 13.04 13.04 12.76 
MnO 0.12 0.12 0.11 0.11 0.12 0.12 0.13 
MgO 38.56 4.8 42.82 40.51 42.01 42.01 40 
CaO 2.52 1.24 0.06 0.76 0.05 0.05 1.28 
Na2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
K2O 0.01 n.d. n.d. 0.01 n.d. n.d. 0.01 
P2O5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Sum 100.00 100.01 101.00 100.04 100.03 100.03 100.00 
        
Ni 2224.46 2239.01 2445.54 2259.98 2313.45 1900.46 2299.03 
Cr 2981 3339 3118 5535 3768 3428 3418 
V 99 66 54 65 58 100 68 
La n.d. n.d. n.d. 3 n.d. n.d. n.d. 
Ce n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Co 114.68 98.97 112.04 108.33 114.91 90.8 110.28 
Ba 28 28 20 21 24 81 73 
Nb 5 5 5 5 5 5 5 
Y 9 4 5 5 3 8 6 
Sr 46 76 9 15 14 18 18 
Zr 28 22 23 22 n.d. 25 24 
S 156 206 32 217 232 52 114 
Cl 94 168 159 239 243 185 187 
Cu 15.18 6.54 15.94 15.79 6.74 10.75 16.1 
Zn 44.85 43.1 34.84 76.74 43.44 52.25 45.76 
Rb 8 8 8 7 9 8 7 
Sn 6 n.d. 5 7 5 n.d. 5 
Pb 11 10 13 12 11 12 11 




Serpentinites of the Frido Unit can be divided into two different types: cataclastic and massive. Cataclastic 
serpentinites are more apt to be carbonated due to their texture with extensive fracturing of individual grains that 
increases the reactive surface area of minerals. The increase of reactive surface and the reduction in size of the 
grains enlarge the efficiency of the carbonation process. The petrographic and geochemical study of serpentinites of 
Frido Units shows that the Mg-silicate, mainly serpentine and secondly olivine, can be carbonated. 
The goal of the research is the characterization of the natural analog systems using different approaches at several  
sites in the Pollino area (southern Apennines).  
After further detailed petrographic, mineralogical and chemical studies, that can unroof the full range of hydrated 
Mg-carbonate minerals forming in such zones we plan to perform: 1) Raman spectroscopy for the characterization 
of the hydroxyl groups; 2) XRF mapping for elemental distribution, in a typical serpentinite texture surrounded by 
magnesite; 3) Rietveld refinement and quantitative phase analysis. Refinement results for modal abundance can be 
used to measure the amount of carbon dioxide that is crystallographically bound in hydrated magnesium carbonate 
minerals [37]. 
Precise estimates of carbonate mineral content hosting atmospheric CO2 have been made for samples of 
serpentine-rich tailings from Clinton Creek and Cassiar (Australia) [37]. On this basis, a total of 164 000 ±16 400 
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tons of CO2 is bound within the tailings pile at Clinton Creek (applying 10% relative error corresponding to 4.36 
wt% hydromagnesite). This high degree of accuracy cannot be readily obtained with other methods of quantitative 
phase analysis [37]. 
These combined studies may be useful in addressing the selection of field-scale injection sites and potential 
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